Anaerobic ammonium oxidation is considered to be the most economical and low-energy biological nitrogen removal process. So far, anammox bacteria have not yet been purified from cultures. Some nitrogen-removing microorganisms cooperate to perform the anammox process. The objective of this research was to analyze the abundance and diversity of nitrogen-removing microorganisms in an anammox reactor started up with bulking sludge at room temperature. In this study, the ammonia-oxidizing archaea phylum Crenarchaeota was enriched from 9.2 to 53.0%. Nitrosomonas, Nitrosococcus, and Nitrosospira, which are ammonia-oxidizing bacteria, increased from 3.2, 1.7, and 0.1% to 12.8, 20.4, and 3.3%, respectively. Ca. Brocadia, Ca. Kuenenia, and Ca. Scalindua, which are anammox bacteria, were detected in the seeding sludge, accounting for 77.1, 11.5, and 10.6%. After cultivation, the dominant genus changed to Ca. Kuenenia, accounting for 82.0%. Nitrospirae, nitrite oxidation bacteria, decreased from 2.2 to 0.1%, while denitrifying genera decreased from 12.9 to 2.1%. The results of this study contribute to the understanding of nitrogen-removing microorganisms in an anammox reactor, thereby facilitating the improvement of such reactors. However, the physiological and metabolic functions of the ammonia-oxidizing archaea community in the anammox reactor need to be investigated in further studies.
Introduction
The discovery of the anaerobic ammonium oxidation (anammox) process, a chemolithoautotrophic microbial process, took place in a denitrifying fluidized bed reactor in the early 1990s [1] . Under anaerobic conditions, the anammox reaction can directly convert ammonium to nitrogen gas using nitrite as an electron acceptor [2] . Stoichiometric ratios are considered to be an indicator of anammox processes [3] . According to previous studies, the corresponding molar ratios of the anammox process for NH 4 + consumption, NO 2 -consumption and NO 3 - production are 1.00:1.32: 0.26, respectively [2] . Anammox is also an economical and effective method for nitrogen removal, since it was first discovered, compared to the traditional nitrification-denitrification method [1] .
The anammox process is mediated by anammox bacteria and, according to data, six anammox bacterial genera, including Ca. Brocadia [4] , Ca. Kuenenia [5] , Ca. Scalindua [6] , Ca. Anammoxoglobus [7] , Ca. Jettenia [8] , and Ca. Anammoximicrobium [9] , have been enriched from samples collected from Wastewater Treatment Plants (WWTPs) and natural environments such as freshwater and marine areas [10] . All these genera belong to the same phylum, Planctomycetes [4] . The Candidatus Scalindua species are predominant in pristine freshwater ecosystems and marine environments, while the other five genera of anammox bacteria are mostly detected and enriched from the sludge of wastewater-impacted environments and WWTPs [11] . Anammox bacteria have not yet been purified from culture, indicating that they may coexist with other microorganisms [12] . Studies have found that anammox bacteria and ammonia-oxidizing bacteria (AOB) can coexist in a single reactor in which AOB oxidizes ammonium into nitrite, providing nitrite substance for anammox bacteria, while simultaneously consuming the dissolved oxygen (DO) and creating an anoxic environment for anammox bacteria [13] . Moreover, Nitrosomonas, which belongs to AOB, also exhibits anammox activity under anoxic conditions [14] . Studies have found that anammox bacteria and ammonia-oxidizing archaea (AOA) coexist in the Black Sea [15] . In low-oxygen environments, AOA can also provide nitrite to anammox bacteria [16] .
Ammonia-oxidizing bacteria have commonly been reported in the anammox process, while the function of AOA has rarely been mentioned [17] . According to these reports, the growth of AOA can be encouraged by low DO values [18] . Ammonia-oxidizing archaea have an extremely high affinity towards ammonia, which makes them capable of achieving higher ammonia oxidation rates [19] . Therefore, AOA could be a better partner for anammox bacteria compared with AOB.
In this context, this research selected bulking sludge as seeding sludge to start up the anammox reaction at temperatures ranging from 20 to 31˚C. The aim of this study was to investigate the abundance and diversity of AOA, AOB, anammox bacteria, nitrite oxidation bacteria (NOB), and denitrifying bacteria in the anammox reactor. The abundance and diversity of AOA in the UASB-anammox reactor started up with bulking sludge at room temperature were analysed for the first time.
Materials and methods

Anammox reactor
The effective volume of the Up-flow Anaerobic Sludge Bed (UASB) reactor used in this study was 3.2 L (Fig 1) . The reactor contained a membrane device and the surface was covered with an insulating layer to protect against light. Hydraulic retention time (HRT) was 16.9-74.6 h, and the reactor was operated at room temperature, which was maintained at 20-31˚C.
Seeding sludge and synthetic wastewater
The seeding sludge was obtained from the Changji WWTP (Xinjiang, China). The Sludge Volume Index (SVI) of the seeding sludge was 192 mL�g -1 . At an SVI greater than 150 mL�g -1 , the sludge is considered as bulking sludge [20] .
Synthetic wastewater was used in this experiment and was composed of NH 4 Cl and NaNO 2 as the main sources of ammonium and nitrite, without organic matter. 
Analysis
Two samples were collected from the UASB reactor. Sample A1 was collected from the seeding sludge on day 1, while sample A2 was collected on day 112 after successful anammox start-up. The samples for the microbial analysis were stored in the laboratory at -40˚C and sent to Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China) for DNA extraction, PCR amplification, and Illumina high-throughput sequencing.
Microbial DNA was extracted from two sludge samples that were collected from the UASB reactor using the FastDNA SPIN kit (Omega Bio-tek, Norcross, GA, U.S.) according to the manufacturer's protocols. The final DNA concentration and purification were determined via a NanoDrop 2000 UV-vis spectrophotometer (Thermo Scientific, Wilmington, USA), whereas DNA quality was checked via 1% agarose gel electrophoresis. The target genes, primers, sequences, and PCR conditions are listed in Table 1 . All PCR reactions were performed in triplicate in a 20 μL mixture containing 4 μL of 5x FastPfu Buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL of each primer (5 μM), 0.4 μL of FastPfu Polymerase, and 10 ng of template DNA. The PCR products were extracted from a 2% agarose gel and further purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA). Subsequently, the products were quantified using QuantiFluor-ST (Promega, USA).
Purified amplicons were pooled in equimolar and paired-end sequenced (2 × 300) on an Illumina MiSeq platform (Illumina, San Diego, USA) according to the standard protocols of Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China). The raw reads were deposited in the NCBI Sequence Read Archive (SRA) database (Accession Numbers: SRP128971 and SRP167287).
Data analysis
Data analysis was conducted using the i-Sanger platform (http://www.i-sanger.com/), provided by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China). The microbial phylotype richness levels were calculated using the Ace estimator and the Shannon diversity index. The Ace estimator, the Shannon diversity index, the Heip evenness index, and the coverage percentage were also calculated via the Mothur program version v.1.30.1. These analyses were performed using the R Programming Language software.
Results and discussion
Reactor performance
The concentrations of influent NH , respectively (Fig 2A) . During days 1-9, the NH 4 + -N concentration of the effluent exceeded that of 
Analysis of microbial community diversity
The total effective reads of the two sludge samples were 10,387-42,278 ( Table 2 ). The coverage of each sample was more than 99%, indicating that the produced data was sufficient to cover all species. The Ace estimator represents the richness estimator, and larger values represent higher microbial community richness. The Shannon index is also a frequently used diversity index, and larger values represent higher microbial community diversity. The Heip index represents community evenness; higher values indicate a higher microbial community evenness. After cultivation, richness, diversity, and evenness of the AOA community were increased; AOA can actually be enriched under low-oxygen conditions. The diversity and evenness of the AOB community were also increased. In contrast, the diversity and evenness of the anammox bacteria were decreased, along with the richness, diversity, and evenness of the bacterial community.
Microbial community analysis
Based on previous studies, nitrogen-removing microorganisms are mainly AOA, AOB, NOB, denitrifying bacteria, and anammox bacteria ( According to previous studies, the phylum Planctomycetes contains all anammox bacterial genera [4] , and NOB can compete with anammox bacteria for nitrite. In oxygen-poor environments, the metabolism of NOB is significantly suppressed [34] . The interaction between denitrifying bacteria and anammox bacteria has extensively been studied in lab-scale reactors [35] , while studies on nitrogen-removing microorganisms in anammox reactors are rare (Table 3) , especially in terms of richness and diversity. AOA community analysis at phylum and genus levels. Ammonium-oxidizing archaea can grow chemolithoautotrophically by aerobically oxidizing ammonia to nitrite [36] , thereby contributing to ammoxidation. They are widely distributed in marine environments [37] , soil [38] , lakes [39] , hot springs, and mining areas [40] [41] and play an important role in the global nitrogen cycle. The AOA domain contains the phyla Euryarchaeota, Crenarchaeota, and Thaumarchaeota phyla [42] , and AOA comprise an evolutionary group completely independent of AOB; however, AOB have traditionally been considered the main driver of ammonia oxidation [43] , and researchers have overlooked the significant contributions of AOA to ammonia oxidation in a large range of environments [38] . It has been investigated that AOA are more active under certain extreme environmental habitats, such as low-oxygen environments [44] .
A total of 4 AOA phyla were detected from the two samples (Fig 3) , including Crenarchaeota and Thaumarchaeota. The other two phyla were unclassified AOA phyla. The relative abundance of Crenarchaeota increased from 9.2% in the seeding sludge to 53.0% in the anammox sludge, while the relative abundance of Thaumarchaeota phylum decreased from 23.5 to 14.8%. The relative abundance of unclassified AOA genus Crenarchaeota increased from 9.2 to 53.0% (Table 4 ). The genera Nitrosopumilus and Nitrososphaera belong to the phylum Thaumarchaeota and significantly increased over time, accounting for 11.4 and 3.2% of the bacteria in the anammox sludge, respectively.
The phylum Crenarchaeota appeared to adapt well to the low-oxygen environment. A previous study has observed Thaumarchaeota and anammox bacteria in coexistence in different environments, particularly in anoxic water [45] . However, the relative abundance of the phylum Thaumarchaeota decreased in the reactor. The physiological and metabolic functions of the phylum Crenarchaeota need to be investigated in further studies.
AOB community analysis at phylum and genus levels. At the phylum level, the relative abundance of Proteobacteria increased from 26.4% in the seeding sludge to 90.7% in the anammox sludge, while the relative abundances of the genera Nitrosomonas, Nitrosococcus, Nitrosospira, and Betaproteobacteria increased from 3.2, 1.7, 0.1, and 0.3% to 12.8, 20.4, 3.3, and 38.2%, respectively (Table 5) . According to previous results, AOB can oxidize ammonia to nitrite, thereby providing nitrite for anammox and denitrification reactions [13] . In wastewater treatment processes, Nitrosomonas is frequently detected and shows anammox activity under anoxic conditions [14] . Previous studies have suggested that Betaproteobacteria, coexisting in anammox reactors, may consume organic compounds and trace amounts of O 2 , thus establishing suitable microenvironments for anammox bacteria [46] . Anammox bacterial community analysis at genus levels. The genera Ca. Kuenenia, Ca. Brocadia, and Ca. Scalindua were detected in the reactor (Fig 4) , accounting for 11.5, 77.1, and 10.6% of the bacteria in the seeding sludge. After successful anammox start-up, Ca. Kuenenia became the dominant genus, accounting for 82.0%. The relative abundance of Ca. Brocadia decreased to 18.0%, while Ca. Scalindua disappeared. According to previous research, Ca. Brocadia and Ca. Kuenenia are common anammox bacterial genera in anammox reactors [47] , and Ca. Kuenenia was the main species of anammox bacteria in a laboratory reactor fed with synthetic wastewater [48] . In another study, Ca. Scalindua is predominant in freshwater ecosystems and in marine environments [11] .
Bacterial community analysis at phylum and genus levels. A total of 28 bacterial phyla were obtained in the two samples. The relative abundance of 10 bacterial phyla was greater than 1% in at least one sample (Fig 5) . Bacteria were most abundant in the reactor. In the seeding sludge, the relative abundances of Bacteroidetes, Proteobacteria, Chloroflexi, Actinobacteria, Nitrospirae, Planctomycetes, Acidobacteria, Firmicutes, and Chlorobi were 43.5, 37.0, 4.6, 3.4, 2.2, 1.9, 1.5, 1.4, and 1.4%, respectively. In the anammox sludge, the relative abundances of Chloroflexi, Proteobacteria, Chlorobi, Bacteroidetes, Actinobacteria, Planctomycetes, Ignavibacteriae, Acidobacteria, Firmicutes, and Nitrospirae were 41.7, 19.0, 13.3, 9.6, 3.9, 3.0, 2.7, 2.2, 0.8, and 0.1%, respectively.
According to previous research, all anammox bacterial genera belong to the phylum Planctomycetes [4] . After the successful anammox start-up, the relative abundance of the phylum Planctomycetes increased from 1.9% in the seeding sludge to 3.0% in the anammox sludge. The phylum Chloroflexi is heterotrophic in microbial communities and prefers organic matter from dead anammox biomass as substrate [35] . Thus, anammox bacteria and the phylum Chloroflexi may interact within the anammox reactor [49] . The relative abundance of the phylum Chloroflexi increased from 4.6 to 41.7% overtime. Studies have reported that Chlorobi is an autotrophic bacterium and can thus be enriched through adaptation to the inorganic environment within the anammox reactor [50] . The relative abundance of the phylum Chlorobi increased from 1.4 to 13.3%. Nitrospirae was the only phylum of nitrite oxidation bacteria (NOB) in this study. The relative abundance of the phylum Nitrospirae decreased from 2.2 to Microbial community analysis in an anammox reactor 0.1%, which was consistent with the results of the anammox activity tests and confirmed the effective suppression of NOB in the anoxic environment [34] . A total of 294 bacterial genera were obtained in the two samples. The relative abundance of 54 bacterial genera was greater than 0.5% in at least one sample (Fig 6) . The 54 bacterial genera accounted for 79.3-87.2% of the total bacterial effective sequences in each sample. The genera Norank Ardenticatenia, norank Anaerolineaceae, and norank Caldilineaceae belong to the bacterial phylum Chloroflexi, which increased from 0.5, 0.1, and 0.7% to 18.4, 12.9, and 6.9%. Research has shown that Saprospiraceae are aerobic bacteria and commonly cause bulking sludge [51] . After successful anammox start-up, the relative abundance of norank Saprospiraceae decreased from 21.4 to 2.9%, while that of the NOB genus Nitrospira decreased from 2.2 to 0.1%.
Research has shown that most denitrifying bacteria belong to the phyla Proteobacteria and Bacteroidetes [52] [53] [54] . The relative abundances of Proteobacteria and Bacteroidetes decreased from 37.0 and 43.5% to 19.0 and 9.6%, respectively. At the genus level, a total of 13 denitrifying genera of Proteobacteria and two denitrifying genera of Bacteroidetes were detected [53] . The relative abundance of denitrifying genera decreased from 12.9 to 2.1% (Table 6 ). According to a previous study, anammox activity inhibited the growth of denitrifying bacteria [55] .
Practical implications
Anammox bacteria have not yet been purified from cultures. Therefore, nitrogen-removing microorganisms cooperate to perform the anammox process. The abundances and diversities of AOA, AOB, anammox bacteria, NOB, and denitrifying bacteria greatly impact the nitrogen-removal efficiency of anammox systems. The results presented here offer new perspectives for the microbially mediated nitrogen removal in the practical application of anammox. This study demonstrated that the unclassified AOA genus Crenarchaeota, Nitrosomonas, Nitrosococcus, and Nitrosospira of AOB, and Ca. Kuenenia of the anammox bacteria are dominant nitrogen-removing microorganisms in this anammox reactor. In practical wastewater treatment systems, the role of AOA in the anammox process should be considered. In addition, the challenges in the current research and future work are to create suitable conditions for the balance among AOA, AOB, and anammox bacteria and the efficient inhibition of NOB.
Conclusions
In this study, the diversity, richness, and evenness of AOA were significantly increased, while the unclassified AOA genus Crenarchaeota was enriched and increased from 9.2 to 53.0%, most likely because it adapted to the oxygen-poor environment. The AOB genera Nitrosomonas, Nitrosococcus, and Nitrosospira were enriched and increased from 3.2, 1.7, and 0.1% to 12.8, 20.4, and 3.3%, respectively. Three anammox bacterial genera, Ca. Brocadia, Ca. Kuenenia, and Ca. Scalindua, were detected. After cultivation, Ca. Kuenenia was enriched from 11.5 to 82.0% and became the dominant anammox bacterial genus, while Ca. Brocadia decreased from 77.1 to 18.0% and Ca. Scalindua disappeared completely. The NOB genus Nitrospira decreased from 2.2 to 0.1%, while denitrifying bacteria decreased from 12.9 to 2.1%. 
